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Editor: Frederic CoulonMX80 bentonite clay has been selected as the buffer and backfill in a proposed method for long-term deep geological
storage of nuclear waste. Extensive studies have been carried out on the geomechanical properties of the clay; how-
ever, it is not clear what effect microbes, specifically iron-reducing bacteria, will have on its ability to function as an
affective barrier. Iron-reducing bacteria can reduce structural or external Fe(III) to Fe(II) and have been previously
identified in the indigenous microbial community of MX80 bentonite. Experiments to assess bacterial survival at the
high temperature and low water conditions likely to exist in the repository were carried out at different temperatures
with the addition of steel to represent a nuclear waste canister. The resulting microbial enrichments were analysed,
and mineralogical and geomechnical analysis was carried out on the clay. Microbial sequencing revealed that iron-
reducing bacteria, and other indigenous species can survive these conditions in MX80 bentonite in either an active
or dormant state. Microbial influenced mineralogical changes may lead to a loss of silica from the clay and reduction
of Fe(III) to Fe(II). These changes could alter the ability of the clay to act as an effective barrier in nuclear waste dis-
posal. Furthermore, evidence of reduced steel corrosionwhenmicrobes were present suggested that microbial activity
may lead to either a protective coating on the steel or depletion of oxygen to slow corrosion. The production of such a
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Deep geological storage is an option for high-level nuclear waste (HLW)
disposal, which is being considered by countries across theworld, including
the UK (Arlinger et al., 2013; IAEA, 2018; NDA, 2010). Plans are in various
stages of completion with several designs based on the KBS-3
(kärnbränslesäkerhet-3) design from SKB (Swedish Nuclear Fuel and
Waste Management Co - Svensk Kärnbränslehantering AB) (Aunqué et al.,
2006). The design features a metal canister encasing the vitrified nuclear
waste that is surrounded by a clay barrier. This barrier acts as an infill be-
tween the canister and the host rock and due to the low hydraulic conduc-
tivity and ability to act as a sorbent to cationic radionuclides (Kuleshova
et al., 2014), will limit the migration of radionuclides in event of a breach.
The swelling pressure of theMX80 bentonite is also critical in the repository
design, as is the clay plasticity, as the clay will respond to changing mois-
ture contents without cracking or allowing the canister to sink.More specif-
ically, the UK design is likely to consist of a carbon steel canister encasing
the waste with an MX80 bentonite clay barrier all buried to a depth of
1000 m below the surface (NDA, 2016; NDA, 2010). There are microbial
communities associated with MX80 bentonite, as well as groundwaters
and host rocks (Chi and Athar, 2008; Hallbeck and Pedersen, 2012;
Povedano-Priego et al., 2020; NDA, 2016; Smart et al., 2017; Gilmour
et al., 2021). Therefore, in addition to the materials in the repository
design and the potential abiotic reactions that could occur, microbes
will also be present and microbially influenced reactions must also be
considered.
The lifespan of multi-barrier HLW repositories is 10,000–100,000 years
(Yang et al., 2019). After closure of the repository there are predicted
phases of confinement. Specifically, in the Nagra (the Swiss national
radiowaste management organisation) design, the temperature will in-
crease from 40 to 50 °C in a gradient across the clay barrier up to 100 °C
at the canister surface by year 50 after closure (Landlot et al., 2009). In-
deed, 100 °C is largely reported as the maximum tolerable temperature
for the bentonite barrier as experiments have found that prolonged expo-
sure to high temperatures results in a decrease in swelling pressure
(Svensson et al., 2011). This initial phase of repository closure will be
coupled with a decrease in water activity. During this initial phase there
will also be an evolution to anaerobic conditions. However, by year 100
post-closure, the temperature across the barrier will have decreased to,
and is likely to remain at, 40–50 °C and groundwater may begin to re-
saturate the barrier. The UK concept is likely to have a similar temperature
evolution (RWM, 2016), which suggests the maximum temperature at the
host rock / clay interface will be 70 °C by year 50, with the long-term tem-
perature being 40 °C. Not only does this environment allow for microbial
growth of some thermophilic species, but this interface may also have
more space than elsewhere in the repository to allow for this growth. For
example, theremay be some gaps where the bentonite has not fully swelled
tightly to the host rock surface (Wilson et al., 2010; Stroes-Gascoyne et al.,
2011). Indeed, Jalique et al. (2016) found that whilst microbial growth was
limited in a highly compacted clay barrier after eight years, there were mi-
crobes at the clay / host rock interface. Furthermore, the MX80 bentonite
backfill that is not as highly compactedmay also allow formicrobial growth
(NDA, 2016).
The clay barrier must be able to respond to changing conditions within
the repository such as temperature and moisture content without
compromising the barrier performance. Therefore, specific geomechanical
properties make some clays more suited to this design. Namely, a high
swelling ability; high plasticity; low porosity; low hydraulic conductivity;
and high thermal conductivity (Sellin and Leupin, 2013; Wilson et al.,
2010). Highly compacted Wyoming MX80 bentonite has been widely pro-
posed for use as a clay barrier – and backfill – for repositories, as it possesses
all these characteristics (NDA, 2016; Jönsson et al., 2009; Bradbury et al.,
2014; Kiviranta and Kumpulainen, 2011). Additionally, the low porosity
of the clay in a compacted state results in an average micro (intra-aggre-
gate) pore size of ≤0.02 μm when compacted at a range of dry densities
(dry density = ≥ 1.6 Mg/m3) (Bengtsson et al., 2015; Wang et al., 2016;2
Jalique et al., 2016). This pore size is thought to limit radionuclide trans-
port in the event of a breach in a metal canister and will limit microbial ac-
tivity within the buffer (West et al., 2002; Rättö and Itävaara, 2012). The
required properties of a barrier clay, as described above, are dictated by
its mineralogical composition and with respect to MX80 bentonite the
montmorillonite content (80%) is important in ensuring the correct swell-
ing pressure for the repository.
In addition to the predominantlymontmorillonite content ofMX80 ben-
tonite there are other components present that may have an impact on how
the clay performs in the repository. Namely, iron-bearing silicate minerals
that have potential microbial interactions. There are several iron-
containing minerals present and iron accounts for ~4% wt. of the MX80
bentonite (Karnland, 2010) with ~20% of this iron estimated to be Fe (II)
and the remainder Fe (III). Furthermore, in the UK design, increased Fe
(II/III) could be introduced to the clay as corrosion of the carbon steel can-
isters progresses (Bradbury et al., 2014; Necib et al., 2017; Davies et al.,
2018). Therefore, the environment could selectively promote the growth
of iron-interacting bacteria. In addition, MX80 bentonite contains
0.11–0.4%wt. organic carbon, which has been considered adequate to sup-
port microbial life (Sauzeat et al., 2001), albeit that a more recent assess-
ment has shown that it is mostly inert (Marshall et al., 2015).
Iron-reduction within the clay, whether abiotic or microbially influ-
enced, could result in an increase in non-swelling Fe (II) rich phyllosilicate
minerals (Bradbury et al., 2014; Kim et al., 2004) either through indirect in-
teractions with microbially excreted metabolites and H+ or by dissimila-
tory iron-reduction (Uroz et al., 2009; Konhauser, 2007). Indirect
interactions would allow more widespread reduction to take place, rather
than localised reactions at sites where microbes are able to proliferate.
Such mineralogical changes could result in alterations to the
geomechanical properties of the clay, specifically a decrease in swelling
that could result in a higher hydraulic conductivity or lower plasticity and
sealing capacity (Sahin et al., 2011; Glatstein and Francisca, 2014; Stucki
et al., 2009).
Previously, microbial communities capable of reducing iron have been
identified in MX80 bentonite, and in the groundwater at international re-
pository sites (NDA, 2016; Svemar et al., 2016; Gilmour et al., 2021). Fur-
thermore, concerns have been raised about the possibility of microbially
induced corrosion (MIC) accelerating the corrosion of the waste canisters.
Indeed, several studies demonstrate the ability of iron-oxidizing bacteria
and sulphate-reducing bacteria (SRBs) to corrode metal including carbon
steel (Pedersen et al., 2017; Svensson et al., 2011). There are several iron-
interacting bacteria that either oxidise elemental iron or Fe (II) to Fe (III)
(Singh et al., 2018; Konhauser, 2007) or reduce Fe (III) to Fe (II)
(Morgado et al., 2012; Fan et al., 2018).
Experiments to test the survivability of microbes in repository environ-
ments have so far focused largely on temperature alone, and mainly with
specific bacteria rather than the viable indigenous community that it has
been recently shown contains putative thermophiles and spore-forming
bacteria (Gilmour et al., 2021). Pedersen (2012) found that spore-forming
SRBs from bentonite can survive 80 °C, however, they were not active
and only a small percentage survived. Further experiments by Masurat
et al. (2010) also found a decrease in the viability of SRBs when bentonite
samples were exposed to 120 °C for 20 h. Stroes-Gascoyne et al. (2002)
found, following re-saturation, that the viability of microbes in MX80 ben-
tonite was preserved under dry conditions (18% moisture content), how-
ever, heat was not considered.
Therefore, it is clear from earlier studies that, specifically, SRBs indige-
nous or introduced to MX80 bentonite can tolerate elevated temperatures,
or low water environments (Pedersen et al., 2017; Masurat et al., 2010;
Stroes-Gascoyne et al., 2002). However, the exact conditions likely to be
faced in the repository (elevated temperatures combinedwith lowwater ac-
tivity) have not been fully investigated, nor has the survivability of an indig-
enous iron-reducing microbial community. Previously, it has been shown
that iron-reducing bacteria (IRBs) native to MX80 bentonite can reduce
structural iron within the MX80 bentonite and contribute to MIC (Kim
et al., 2004; Lantenois et al., 2005). However, it is not clear what effect
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conjunctionwith survival at elevated temperatures in lowwater conditions.
The aim of the study described below was to assess the survivability of the
indigenous, viable iron-reducing community previously enriched from
MX80 bentonite (Gilmour et al., 2021) in desiccated, high temperature con-
ditions, and including the presence of steel to simulate the waste canister.
These experiments also assessed what biologically driven changes may
have occurredmineralogically and geomechanically to theMX80 bentonite
during this process.
2. Materials and methods
2.1. Details of the MX80 bentonite clay used in enrichment experiments
Compacted Wyoming MX80 bentonite blocks were sourced from SKB's
(Svensk Kärnbränslehantering AB - Swedish nuclear wastemanagement or-
ganisation) supplier (ClayTech AB®) (27% wt. water = 97% saturation,
1.56 Mg/m3 dry density, corresponding to a swelling pressure of 4–5 MPa
(Börjesson, 2010)). The mineralogical composition of this bentonite is pre-
sented by Karnland (2010). An average of 6 samples comprised 81.4%
montmorillonite, 0.9% low-cristobalite, 3% quartz, 0.9% gypsum, and
13.8% other (inclusive of 4% wt. iron). Bentonite disks measuring
60 × 15 mm were cut from the compacted blocks using a core drill.
2.2. Details of S275 steel
A 1 m cylinder, 60 mm diameter of S275 steel was sourced from Metal
Supermarkets UK (known globally as The Convenience Stores for Metal™).
The composition of S275 is defined as <0.25% carbon, <0.05% sulfur,
<0.05% silicon, <1.6%manganese, and < 0.04% phosphorus. S275 carbon
steel coupons measuring 60 × 5 mm were cut using a lathe and then
smoothed using a surface grinder. Coupons were then left in oil to prevent
rust and cleaned with acetone immediately before sterilisation.
2.3. Composition of synthetic groundwater
A Sellafield-like groundwater was used as a proxy in these experiments
because it is representative of UK groundwaters as well as being of similar
composition to other groundwaters used in experiments pertaining to nu-
clear waste repositories (Baker et al., 1997; Gilmour et al., 2021; Fraser
Harris et al., 2015; Schäfer et al., 2004). Synthetic Sellafield-like groundwa-
ter (Wilkins et al., 2007) composed of (g/L) KCl, 0.0066; MgSO4.7H2O,
0.0976; MgCl2.6H2O, 0.081; CaCO3, 0.1672; Na2SiO3, 0.0829; NaNO3,
0.0275; NaCl, 0.0094; NaHCO3, 0.2424was enrichedwith 12mg/L acetate
(sodium acetate trihydrate). This concentration of organic carbon was cho-
sen because it reflects that which has been found to be naturally occurring
in groundwater at international repository sites (Pedersen, 2012;
Kotelnikova and Pedersen, 1998). Acetate is thought to be the most abun-
dant carbon source in these groundwaters due to the presence of lytic
phages (Kyle et al., 2008) and associated processes, known as a viral
shunt, which generates short chain organic acids (Suttle, 2007).
2.4. Preparation of the microbial community inoculum
Previously, iron-reducing microbial enrichments of compacted MX80
bentonite were carried out (Gilmour et al., 2021). The resulting microbial
community, composed largely of Bacillus and Clostridia species (>95% rela-
tive abundance) and including known iron-reducers (e.g. Desulfosporosinus
and Desulfitobacterium), was stored in glycerol stocks at −80 °C. Stocks
were thawed and grown under anaerobic conditions (vinyl anaerobic
chamber, Coy Lab Products, 5% H2: 95% N2) at 20 °C in 15 mL synthetic
groundwater with organic enrichment as described in Gilmour et al.,
2021. After 10 days growth, cell counts using SYBRGold were carried out
to confirm adequate growth using a fluorescence microscope (Olympus
BX40 Epi-fluorescence microscope).3
2.5. Desiccation experimental method
MX80 bentonite disks were heated in a dry oven at the relatively low
temperature of 40 °C for 48 h to prevent cracks that developed during
rapid high temperature drying. Sterilisation took place by placing
MX80 bentonite disks on top of steel coupons in Nalgene jars (60 mm
diameter), which were heated to 105 °C in a dry oven for 48 h (Fig. 1).
Previous experiments showed that this method is adequate for
sterilisation of these compacted blocks of MX80 bentonite (Gilmour
et al., 2021). In order to ensure any changes to the clay observed during
the experiment were not due to drying through the sterilisation process,
all samples were sterilised and biotic experiments were later re-
inoculated.
Following sterilisation, 8 ml of acetate amended Sellafield-like ground-
water was added (27% moisture content -equal to the moisture content of
the as received clay blocks prior to heat sterilisation). After 24 h some
jars were inoculated with 50 μl of the iron reducing / fermentative MX80
bentonite bacterial consortium stocks (6 × 105 cells/mL). The inoculation
site was the centre of the bentonite surface furthest from the steel (Fig. 1).
Control jars were not inoculated.
Three inoculated and three control jars were then incubated at 40 °C or
70 °C for 16 weeks. Lids were screwed on but were not airtight to allow
water evaporation to occur and desiccation to develop. A further experi-
ment with three inoculated replicates and controls was also included, this
experiment was incubated at 70 °C for 8 weeks and then cooled to 40 °C
(temperature decreased 1 °C per day for 30 days) before a final incubation
at 40 °C for 4 weeks. 40 °C was chosen as the lowest temperature as it rep-
resents the expected temperature of the clay/host rock interface for thema-
jority of the duration of repository closure in the UK concept (RWM, 2016).
Similarly, 70 °C was chosen as it represents the highest expected interface
temperature (RWM, 2016). Although initially oxic, it is believed that the
clay will limit oxygen diffusion to the steel and an anoxic or micro-oxic
state will develop. At the end of the experiment, the steel coupons were re-
covered and photographed. ImageJ (version 1.52d) was used to analyse the
area of the surface of the steel at the steel/clay interface that had corroded
as a percentage of the total area.
2.6. Plasticity index testing
The plasticity index (PI) of MX80 bentonite used in desiccation toler-
ance and temperature tolerance experiments was measured before and
after the experiment as per the British Standard (Institution, 1990)
method (BS:1377: 1990: Part 2, section 3.4, 3.5). The PI was determined
as the difference between the plastic limit and the liquid limit. Briefly,
the plastic limit was calculated as the % moisture content of the clay
when a hand rolled cylinder of it begins to shear longitudinally and
transversely at a diameter of 3 mm. The liquid limit was determined
using the four-point cone penetrometer method. The % moisture
content of the clay relating to four different penetration depths was
measured and thus the % moisture content at 20 mm penetration was
calculated. Additionally, 10 g of MX80 bentonite was used to determine
the % moisture content of the MX80 bentonite immediately after the
experiment. This measurement was taken as described in BS:1377:
1990: Part 2, section 2.3 (Institution, 1990).
2.7. Mineralogical analysis of MX80 bentonite
1 g MX80 bentonite from the centre of the clay was dried under
anoxic conditions (5% H2: 95% N2) for a minimum of ten days prior to
X-ray diffraction (XRD) analysis. Samples were hand ground with a
pestle and mortar and run (PANalytical X'Pert Pro Multipurpose Diffrac-
tometer) using Cu as the target metal, as standard, (λ = 0.154 nm) for
5 h. Spectra were obtained as .raw files and analysis including mineral
identification and spectrum fitting was completed using HighScore
Plus. Initially, the background was subtracted, and peaks were identi-
fied using tools in the program. Further peaks and shoulders were
Fig. 1. Schematic of desiccation tolerance experiments. The site of inoculation (1), XRD and microbial sequencing sampling (2) and the sampling site for SEM images (3) is
shown.
Fig. 2. PI of MX80 bentonite recovered from desiccation tolerance experiments at
different temperatures. Dotted line indicates PI of MX80 bentonite before the
experiment. Error bars represent standard error, stars represent statistically
significant differences in PI (* p < 0.05; ** p < 0.01; *** p < 0.001).
K.A. Gilmour et al. Science of the Total Environment 814 (2022) 152660picked out manually. As part of this analysis, identified peaks were
characterised using mineral databases; ICDD 1999 and COD 2016.
Reitvald refinement was run in HighScore Plus to ensure a good fit
(Chi Square = ≤8).
Additionally, 0.5–1 g MX80 bentonite was recovered from the steel /
clay interface and dried anoxically (5% H2: 95% N2) for scanning electron
microscopy imaging (SEM) (Tescan Vega 3LMU). Samples were mounted
on aluminium stages using carbon tape and silver paint. Samples were
then coatedwith gold by ElectronMicroscopy Research Services (Newcastle
University) prior to imaging.
2.8. DNA extraction and bacterial community structure analysis
At the completion of the experiment, DNA extraction was performed
on all the replicates of desiccation and temperature tolerance experi-
ments. A PowerSoil DNA isolation kit (MoBio) was used with 0.5 g of
MX80 bentonite taken from the centre of the MX80 bentonite – a loca-
tion spatially distant from the site of inoculation (Fig. 1). DNA was
extracted according to the manufacturer's instructions, except that the
final DNA elution step was performed with 50 μL instead of 100 μL
elution buffer. DNA extractions were confirmed and quantified using
QuBit.
DNA extracts were then sent to NU-OMICS, Northumbria University,
where amplicons were generated for 16S rRNA gene Illumina sequencing
of the V4 variable region (Kozich et al., 2013). Raw sequencing data
(FastQ files) obtained from the Illumina sequencing platform were then
demultiplexed and analysed as part of the QIIME 2 pipeline (Caporaso
et al., 2010) using DADA2 for ASV (amplicon sequence variant) selection
(Callahan et al., 2016). ASVs which appeared in the negative control
were removed from the other samples. Phylogenetic trees were constructed
using representative sequences of dominant taxonomic groups. Trees were
produced by using BLASTN (Zhang et al., 2009) to identify nearest neigh-
bours and subsequently alignment and similarity value calculations were
performed using MEGA7 via the neighbour-joining method of Saitou and
Nei (1987) and bootstrap values were determined according to
Felsenstein (1987).
2.9. Significance testing:
A one-way ANOVA was used (RStudio Team, 2020) to test for signifi-
cance of these results between abiotic and live controls as well as between
temperature treatments. P-values were obtained following normality
checks, and post-hoc Turkey tests were carried out.4
3. Results
3.1. Plasticity measurements of the MX80 bentonite from desiccation and tem-
perature tolerance experiments
The plasticity index (PI) of the MX80 bentonite significantly changed
during the experiment, at 40 °C and 70 °C, when microbes were present
(Fig. 2). The PI is calculated from two parameters, namely the plastic
limit (PL) and liquid limit (LL) (PI = PL-LL). While the PL was unchanged
(between 30 and 39% moisture content across all samples) it was the LL
that was lower in the presence of microbes. More specifically at 40 °C
with microbes; the PI was 283 compared to 376 for the abiotic control
(p = 0.017), and 379 for the PI before the experiment. The PI of the
MX80 bentonite incubated at 70 °C with microbes was 346, which was
also significantly lower when compared to the abiotic control (p =
0.0276). There was no significant difference in PI in the dual temperature
experiment when microbes were present. There was no significant differ-
ence between the abiotic controls at different temperatures, and a
Fig. 3.%moisture content of MX80 bentonite recovered from desiccation tolerance experiments at different temperatures. Error bars show standard error (n= 3) and stars
represent statistically significant differences between the biotic experiment and abiotic control (* p < 0.05; ** p < 0.01; *** p < 0.001).
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ent temperatures (p = 0.0348).
Additionally, the %moisture content of the clay was calculated (Fig. 3).
It was found that the experiments at higher temperatures had a lowermois-
ture content than those at 40 °C and there was a progressive decline in tem-
perature the longer the experiment were incubated at 70 °C. Furthermore,
the %moisture content of the experiments at 70 °C were found to be signif-
icantly higher when microbes were present (p < 0.001). These results were
found to be significantly lower when microbes were present at 40 °C
(p < 0.001), and dual temperature (p < 0.001). Similarly, it was found
that both microbial presence and higher temperature were significant fac-
tors in decreasing % moisture content (p ≤ 0.001).
3.2. Mineralogical analysis of the MX80 bentonite from desiccation/temperature
tolerance experiments
Mineralogical analysis of the clay samples from the different incuba-
tions identified some commonalities. All samples contained clay minerals
known to exist inMX80 bentonite (Karnland, 2010) (quartz, montmorillon-
ite, feldspar). However, the abiotic samples from the dual temperature con-
trol were also found to contain another member of the feldspar mineral
series, not present in any other samples: anorthite (CaAl2Si2O8). Although
bulk XRD analysis is adequate to identify the iron oxide minerals present,
there are limitations to the identification of clay minerals due to the inter-
lamellar spacing. Therefore, limited conclusions can be drawn from the
presence or absence of specific clay minerals such as anorthite. Differences
between the mineralogy of the MX80 bentonite were observed, both be-
tweenmicrobial and abiotic samples, and samples at different temperatures
(Fig. 4); however, mineralogy was consistent across replicates. Notably,
magnetite (Fe3O4) was identified in biotic samples from all incubation tem-
perature regimens, but only in abiotic (control) samples at 70 °C. Other dif-
ferences included the presence of a sodium iron oxide (NaFeO2) at 40 °C
and 70 °C incubations when microbes are present but not in abiotic con-
trols. However, both the biotic and abiotic samples from the 70 °C incuba-
tion contained goethite (Fe(III)OOH).5
Some changes to the bentonite surface were also observed in SEM im-
ages of MX80 bentonite from the steel / clay interface (Fig. 5). Extensive
mineral precipitation was observed on the surface of MX80 bentonite
from biotic experiments at 40 °C, which has been identified as low-
cristobalite (images are comparable to those generated by Horwell et al.
(2013)), and octahedral magnetite. However, other minerals may also be
co-precipitated. Similar minerals were observed on the surface of MX80
bentonite from the biotic dual temperature experiments, but this was
more localised. The samples analysed from MX80 bentonite from desicca-
tion tolerance experiments at 70 °C with microbes indicated iron oxide for-
mation on samples from the centre of theMX80 bentonite disk closest to the
steel coupon, which could be the sodium iron-oxide identified in the XRD.
3.3. Visualisation of corrosion of steel coupon recovered from desiccation toler-
ance experiments
The steel coupons used in these experiments did not corrode exten-
sively. This result has been largely attributed to the dry conditions of the ex-
periment. However, some corrosion was observed, particularly around the
edges. There was visually more surface corrosion observed on steel from
abiotic experiments than from experiments with microbes. This difference
was particularly clear on samples from 40 °C. Photographs of the steel cou-
pons recovered from these experiments can be found in supplementary ma-
terial (Fig. S1). ImageJ measurements of the area of the steel surface
visually corroded suggested that this result was significant (P = 0.0374)
with a mean of 14% of the surface area corroded in biotic samples, com-
pared to 35% in abiotic samples.
3.4. Community analysis of the desiccation tolerance experiments at various tem-
peratures
Nine 16S rRNA libraries were derived from sequencing outputs of the
desiccation tolerance experiments at various temperature regimens. These
library sequences have been deposited in theNCBI's Sequence ReadArchive
(SRA) available under BioProject PRJNA594313. The sequencing yielded
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Fig. 4. XRD spectra of MX80 bentonite recovered from desiccation tolerance experiments were analysed using HighScore Plus. Images show raw spectra with key mineral
peaks labelled.
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ature and 31,116 ± 9425 for 70 °C experiments; with an average read
length of 227 bp across all libraries. The number of reads was significantly
lower from the 70 °C libraries compared to the 40 °C (p = 0.0435). From
this analysis, an average of 25 ± 7 (40 °C), 47 ± 3 (dual temperature),
and 51±9 (70 °C) ASVs were identified from the QIIME2 pipeline. Low se-
quence reads from control experiments and negative procedural sequenc-
ing controls indicate no contamination took place during the experiment
or subsequently during DNA extraction and sequencing. The resulting li-
braries of enriched microbial communities of MX80 bentonite was largely
composed of taxa assigned to the phylum firmicutes, most abundantly,
taxa related to the genera Bacillus (Fig. 6). There was a significantly lower
relative abundance of Bacillaceae at experiments run at 40 °C compared to
those at higher temperatures (p = 0.0236).
However, there was also a substantially larger population of
Clostridaceae species in the 40 °C experiment (P = 0.0027) in comparison
to the relative abundance of Clostridaceae at other temperatures, which
was found to be most closely related to Clostridum beijerinickii and Clostrid-
ium subterminale (fig. S2). Whereas ASVs identified from the dual tempera-
ture experiments were most closely related to solely Bacillus sp. and
Paenibacillus sp. (fig. S3). It should also be noted that most of the nearest
neighbour sequences identified by BLAST searches of NCBI database for
the dual temperature experiments were isolated from high salinity environ-
ments such as salt lakes and marine sediments. This pattern of isolation
source was similar for those sequences identified as nearest neighbours to
theASVs from the 70 °C experiments (fig. S4), however, salt tolerant species
were more abundant in the dual temperature experiments. Similarly, this
community was of lower diversity relative to the 40 °C incubation and
was composed of mainly firmicutes, particularly Bacillus, albeit there was
also a small population of gammaproteobacteria (comprising 0.1% rela-
tive abundance). As expected, due to the survival of spore-formers
reported in previous experiments (Masurat et al., 2010; Stroes-
Gascoyne et al., 2002) many species identified in these communities
are putatively spore-formers, however, there are differences between
the different temperature treatments. By considering all sequences
that were able to be assigned to species level, 100% of species identified
in the dual temperature experiments are putatively capable of forming
spores compared to 98.2% of the community at 70 °C and only
83.72% of species at 40 °C.
4. Discussion and conclusions
There are several conclusions to be drawn from these desiccation and
temperature tolerance studies. These conclusions are principally supported
by the geotechnical and mineralogical data of the MX80 bentonite and fur-
ther supported by the putative functions of the organisms identified in the
microbial community.
It should be noted that bacteria added (from a previous enrichment of
the same clay) to these experiments were of a higher initial concentration
than would naturally occur in the MX80 bentonite and that the clay was
not compressed in these experiments. Therefore, increased activity may
have occurred relative to that possible in the repository where higher com-
paction, resulting in a lower pore size may contribute to decreased micro-
bial activity. However, towards the end of the repository lifespan when
the edges of MX80 bentonite have been eroded (Neretnieks et al., 2009;
Börgesson et al., 2020) there may be potential for increased activity at
the clay / host rock interface. Equally, some gaps may be present at this in-
terface much earlier where the clay has not fully swelled allowing for some
microbial growth (Wilson et al., 2010; Jalique et al., 2016; Stroes-Gascoyne
et al., 2011).
During the repository lifespan, there may also be microbes intro-
duced from other sources such as the local groundwater. The UK has
not yet selected a repository site, so microbes from such a source have
not been considered. Additionally, the radioactivity of the repository
was not considered in these experiments, but may also inhibit the
microbial community.7
4.1. Survivability of indigenous bacteria of MX80 bentonite
To ensure DNA extracted fromMX80 bentonite was indicative of an ac-
tive bacterial population, a location spatially distant from the inoculation
site was chosen for sampling. Previous attempts of amplification/sequenc-
ing of unenriched clay did not yield results (Stone et al., 2016; Poulain
et al., 2008; Urios et al., 2012; Gilmour et al., 2021). Therefore, that growth
must have occurred to have allowed colonization of the spatially separated
site and the bacterial communities presented are representative of those
able to survive in high temperature, low water conditions.
As expected, and observed in previous studies (Pedersen, 2012; Gilmour
et al., 2021), many of the bacteria identified in the sequence libraries from
the incubation experiments were putatively spore-formers, particularly in
the higher temperature experiments. Spore-forming bacteria are able to
withstand harsher conditions by entering a period of dormancy (Rättö
and Itävaara, 2012). In this way, bacteria in the repository will be able to
withstand the compaction process of the bentonite into blocks and the
unfavourable habitat of the repository for decades and become active
when conditions improve (e.g., as the temperature decreases, or groundwa-
ter becomes available). Therewas no significant differences observed in the
microbial communities from replicates, which indicates that the commu-
nitywas uniform throughout the clay and that only a limited number of spe-
cies were able to survive.
Many of the bacteria found to be present in the 40 °C community were
closely related to those able to grow optimally at this temperature, and
many more species indigenous to MX80 bentonite are also able to tolerate
this heat (Gilmour et al., 2021). Interestingly,Clostridiawere lost from com-
munities subjected to the higher temperatures and do not survive to be-
come active as the temperature cools (as illustrated in the dual
temperature experiments), despite the ability for identified species to
form spores (C. beijernickii (Patakova et al., 2019)). This may have be due
to heat or low oxygen stress because many Clostridia are obligate anaerobes
rather than Bacillus, which is a genus that is facultatively anaerobic. The
higher temperatures may have accelerated drying conditions causing the
clay to shrink from the edges and introducing a higher concentration of ox-
ygen from the air.
The difference in community observed between the dual temperature
experiments and 70 °C experiments is also interesting. It suggests that spe-
cies such as Lysinibacillus halotolerans (a highly saline-tolerant species), and
certain Bacillus sp. were likely only able to survive as spores and later be-
came active as the temperature cooled. As highlighted previously, closely
related species have been isolated from high saline environments, particu-
larly in the dual temperature experiments. Due to the low water availabil-
ity, it is likely that adaptations to high saline environments would also be
advantageous in the study presented here, and in the repository, even
though the groundwater used in these experiments is of low salinity.
4.2. Putative activities of the indigenous bacterial community
Within the bacterial communities presented there were ASVs most sim-
ilar to some known IRBs; Bacillus subterraneus is capable of dissimilatory
iron reduction (Kanos et al., 2002), as is C. beijerinckii (Dobbin et al.,
1999). Previous work (Gilmour et al., 2021) investgated the iron-
reducing capablity of this community that was found to be equal to that
of Shewanella oneidensis, a model iron-reducer. Including dissimilatory
iron-reduction by known IRBs, it was thought that interactions between fer-
mentation products (acetate and hydrogen) and iron minerals also contrib-
uted to Fe (III) reduction to Fe (II). Reduction of iron in iron-containing
silicate minerals in the MX80 bentonite could result in a loss of silica and
transformation to non-swelling minerals, making the clay more prone to
weathering (Pusch and Kasbohm, 2002) and causing a decrease in the PI.
This alteration would decrease the ability of the clay to act as an effective
barrier to nuclear waste. Although abiotically this transformation is slow
and requires high temperatures to proceed, biogenic dissolution of smectite
does not have the same requirements (Kim, 2012). Smectite to illite trans-




Fig. 5. SEM images of MX80 bentonite following desiccation tolerance experiments at 40 °C (A). No mineralization was observed on the corresponding abiotic control (B).
Mineral formation from experiments at 70 °C was observed when microbes were present (C. D). Mineral precipitation was observed on MX80 bentonite from dual
temperature experiments (E), the abiotic control was smooth (F).
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present in silicate minerals (Kim, 2012; Fang et al., 2017; Bradbury et al.,
2014). There is also evidence that the role of organic secretions in iron re-
duction will lead to smectite - illite transformations (Kim, 2012).
Also present in the communitywhen incubated at 40 °Cwere ASVsmost
similar to C. subterminale, which although connected to iron reduction has8
not been shown conclusively to reduce iron (Kato et al., 2015). Some spe-
cies of Romboutsia (a genus belonging to the class Clostridia) are also
known to reduce iron (Gerritsen et al., 2017), however, it is not possible
to know if those particular species were present here.
Even in the community from the 70 °C experiments there were ASVs
corresponding to species with a putative iron-reducing ability. Lactobacillus
Fig. 6. Partial 16S rRNA gene-based community structure analysis of MX80 bentonite enriched iron-reducing / fermenting microbial community following desiccation
tolerance experiments. The relative abundance (%) of the taxonomic group sequences in amplicon libraries are shown at the lowest taxonomic level to which the
constituent ASVs were assignable. “Other” refers to species <0.02% relative abundance. Error bars represent standard error (n = 3) and stars represent statistically
significant differences between different temperature treatments (*, p = 0.0236; ** p = 0.0027).
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licheniformis is implicated in iron-reduction, but only in the presence of ox-
ygen (McLean et al., 1992). Additionally, Lysinibacillus halotolerans has been
shown to adhere to iron surfaces and, therefore, it is likely that there is
some interaction and possibly iron reduction potential in this organism
(Douterelo et al., 2014). Likewise, Paenibacillus etheri has been implicated
in iron reduction (Loyaux-Lawniczak et al., 2019).
Additionally, some of these species are known to interact with silica.
Both P. aeruginosa and B. licheniformis activity has been shown to lead to
loss of silica from clays (Mohanty et al., 1990; Radhapriya et al., 2015).
Such a change in mineralogy could result in a decrease to the swelling abil-
ity of MX80 bentonite.
It is well known that fermenting bacteria, such as firmicutes identified
in these microbial communities can produce volatile fatty acids (VFAs),
which can further interact with metals such as iron (Parrello et al., 2016)
and support the growth of other members of the community (Bengtsson
et al., 2015; Svensson et al., 2011; Gilmour et al., 2021). This process
may have aided in the survival of non-fermenting species in the community
in these experiments. Possible VFA production, from either carbon in the
clay or the breakdown of cell biomass in the inoculum, in addition to the
acetate added, may also lead to increases in iron-reduction (Parrello
et al., 2016; Bengtsson et al., 2017; Svensson et al., 2011). This iron reduc-
tion could in turn could cause a release of silica from iron-containing sili-
cate minerals (Bennett et al., 2001). Indeed, Hiebert and Bennett (1992)
found that organic acid producti members of the communon by fermenta-
tive bacteria such as those identified here, increased the rate of silicate9
weathering from feldspar and quartz minerals. Furthermore, CO2 is pro-
duced by acetogenic bacteria (C. beijerinckii, C. magnum; C. huakuii). In
this environment, the CO2 produced could also contribute to a decrease in
pH and further silicate weathering (eq. 1) resulting in loss of silica through
production of silicic acid and aqueous bicarbonate. MX80 is composed of
81.4%wt. montmorillonite (31% wt. silicon) and 4% wt. iron (Karnland,
2010). Changes to these minerals could therefore result in widespreadmin-
eralogical changes to the structure and properties of the clay.
4H2Oþ 2CO2 þ SiO2 ¼ 2HCO3−þ 2Hþ þ H4SiO4 [1]
4.3. Potential corrosion protection afforded by microbial activity
As indicated in the results, there was significantly less corrosion of the
surface of the steel coupon whenmicrobes were present. Although this sur-
face based assessment did not account for the depth of corrosion, or the
overall weight loss from the steel coupon, it does suggest that microbial
presence directly or indirectly limited contact of oxidants with the steel sur-
face. This is likely due to bacteria utilizing all available oxygen in the sys-
tem through aerobic respiration. This would lead to anoxic corrosion
processes, which although slower, may include localised corrosion such
as hydrogen embrittlement (Yang et al., 2019). However, as Leupin et al.
(2017) suggests, microbes within the repository will utilise gases (such as
residual oxygen or hydrogen produced through corrosion reactions),
which could aid in accelerating the transition to anaerobic conditions
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drogen embrittlement, although in situ studies by Stroes-Gascoyne et al.
(2000) suggest that microbial presence has no significant effect on gas com-
position. However, itmay be thatmicrobial hydrogen and CO2 products are
being utilised elsewhere in the repository – such as in iron-reduction or
weathering of silicate minerals (eq. 1), rather than not being produced or
accumulated.
There is evidence ofmineral precipitation (low-cristobalite, and iron ox-
ides such as magnetite) at the clay / steel interface when microbes were
present, as seen in SEM images. This mineralogical change was
contradicted by the photographs of the steel surface that indicate more ex-
tensive corrosion (and thereby iron oxides) in the sterile experiments. An
explanation for this is that microbial presence increases the ability of rust
products to diffuse into the clay, or that the iron oxides observed in the mi-
crobial experiments are from the reduction of minerals within the clay,
rather than from the steel. This explanation is supported by the decrease
in PI observed in microbial experiments.
Magnetite, lepidocrocite and goethite are all common corrosion prod-
ucts (Antunes et al., 2003). Whilst magnetite is not known to inhibit corro-
sion (Dong et al., 2000; Boin et al., 2000), other iron oxides may contribute
to corrosion protection (Necib et al., 2017). Nitrate-reducing bacteria such
as those present here (P. etheri, Lactobacillus halotolerans, Bacillus korlensis
and B. licheniformis (Zhang et al., 2009; Loyaux-Lawniczak et al., 2019;
Kong et al., 2014; Albert et al., 2005; Lee et al., 2017)) have also been im-
plicated in rust formation to inhibit corrosion (Etique et al., 2014). The
low porosity of these rust layers inhibits electrons from reaching the steel
surface and therefore prevents further corrosion. In this study, this method
of protection may have been limited due to the reduced activity of the mi-
crobes under the unfavourable conditions. Limited corrosion took place
across all experiments due to the low water / oxygen conditions, but
there is potential for these layers to develop in the repository over time.
4.4. Potential mineralogical alterations to MX80 bentonite
The most notable differences between the biotic and abiotic clay sam-
ples were the presence of iron oxides at 40 °C and 70 °C. Although samples
for XRD analysis were taken from throughout the clay, it is not clear if these
iron oxides are steel corrosion products that havemoved into the clay or are
from structural ironwithin theMX80 bentonite. Sodium iron oxidewas also
observed in the XRD analysis and is likely the product of microbially-
influenced iron-reduction (Usman et al., 2012). The lack of moisture may
have induced the formation of sodium iron-oxide through an increase in sa-
linity. Similar iron-oxides have been identified by Leban and Kosec (2017)
who found that goethite was replaced bymagnetite or lepidocrocite formed
on mild steel, by comparing this to results presented here, the mineral for-
mation seen in Fig. 5B is likely lepidocrocite. The presence of IRBsmay con-
tribute to magnetite and goethite formation as they are produced as
secondary minerals during dissimilatory iron-reduction coupled to oxida-
tion of organic matter (Lovley, 1991; Shimizu et al., 2013). Iron-
reduction, to form secondary magnetite, can also be catalysed by the pres-
ence of Fe (II), which accounts for 0.8% wt. of the total iron in MX80 ben-
tonite (Karnland, 2010). Therefore, there is another route in which abiotic
iron-reduction to produce minerals such as magnetite may have progressed
(Malik et al., 2016).
Magnetitewas observed in the abiotic experiments at 70 °C and one pos-
sible explanation for this is that drying can inadvertently cause magnetite
formation (Schwertmann and Murad, 1983; Lovley et al., 1987). As these
samples have dried out the most during the experiment (Fig. 3), it is possi-
ble that this caused increased abiotic magnetite formation via iron-
reduction. As can be seen in the PI results, the higher temperatures did cor-
relate with minor decreases to clay plasticity, which can be attributed to
abiotic iron-reduction to non-swelling minerals.
There were no iron oxides observed in the dual temperature experi-
ments, either with or without microbes. A possible explanation for this is
that the microbes present were not active for long enough to promote any
widespread alterations. These samples had the lowest number of ASVs10identified and the community does not contain any known iron-reducers.
Whilst there are plenty of fermentative bacteria present, they are all
spore-formers. Those bacteria that would have been active at 40 °C have
likely been lost at 70 °C. This lack of iron-oxides could be an indication
that no mineralogical changes have occurred on iron-containing silicate
minerals. This conclusion is reflected in the PI of MX80 bentonite.
Therewere significant decreases in PI ofMX80 bentonite from biotic ex-
periments at 40 °C and 70 °C. This lower PI reflects the experiments that had
putative IRBs in their microbial community. Furthermore, the SEM images
of these experiments showed the presence of iron-oxides, which were also
identified in XRD. Similar decreases in PI following exposure to heat were
seen in (Davies et al., 2018). The decrease in PI is likely due to formation
of non-swelling Fe (II) minerals and possibly a loss of silica from the clay
matrix as a consequence of iron-reduction (Flórez-Góngora et al., 2020).
In terms of the repository, a higher PI is advantageous because it indi-
cates that the MX80 bentonite will respond to changes in moisture content
whilst remaining an effective barrier (Wilson et al., 2010). The decrease in
PI reported here was largely due to a lower liquid limit, which could result
in the canister sinking into the clay during periods of highmoisture content.
Further geomechanical tests were not possible due to the volume of clay
used in these experiments. However, previous experiments by Svensson
et al. (2011) detected a significant difference in swelling pressure before
and after bentonitewas exposed to high temperatures, although, that exper-
iment did not consider microbial activity or specifically the resulting iron
redox states that may have contributed to these changes. Likewise, experi-
ments by Davies et al. (2018) found that incubating highly compacted
MX80 bentonite at elevated temperatures with steel decreased both the
plasticity and swell index. Indeed, the results show that PI continued to de-
crease as time increased, however, these experiments also did not consider
the possibility of microbially-influenced mineralogical changes.
4.5. Conclusions
This experiment aimed to investigate the survivability of microbes in-
digenous to MX80 bentonite under desiccated, high temperature condi-
tions. Additionally, the mineralogical changes to the clay associated to
the microbial presence were assessed and changes to the geomechanical
properties of the clay were considered. Some species present in the viable
indigenous iron-reducing community of MX80 bentonite can survive the
highest temperatures expected at the host rock / clay interface in low
water conditions. These microbes are largely spore-forming species. How-
ever, if limited activity can occur in areas where clay swelling has not
fully closed gaps e.g., at the host rock wall, biologically- influenced iron-
reductionmay take place due to the presence of IRBs. This biogenic process
may lead to a decrease in plasticity through associated loss of silica from the
clay matrix which could alter the ability of the MX80 bentonite to act as
barrier to nuclear waste. There is also evidence to support the conclusion
that microbes can enter dormancy at 70 °C in order to survive to a more
favourable habitat, however, some mesophiles cannot recover from expo-
sure to this high temperature. Finally, there is likely utilisation of oxygen
by aerobic microbial respiration, which acts to indirectly protect steel
from corrosion. Further biogenic protection may occur and, taking into ac-
count the species identified in the community, this protection could be
through formation of a low porosity rust layer or by biofilm formation.
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